Abstract The state of Atlantic Meridional Overturning Circulation (AMOC) is influenced by both the strength and the location of the Mediterranean Outflow Water (MOW) plume in the Gulf of Cadiz. To evaluate the influence of MOW on AMOC over deglaciations, precise and accurate salinity and temperature reconstructions are needed. For this purpose, we measured Mg/Ca and clumped isotopes of several benthic foraminiferal species at Integrated Ocean Drilling Program Site U1390 in the Gulf of Cadiz. The clumped isotope results of Cibicidoides pachyderma, Uvigerina mediterranea, and Pyrgo spp. are consistent between species and record no significant difference in Last Glacial Maximum to Holocene deep water temperature. Over the deglaciation, the Mg/Ca-based temperatures derived from U. mediterranea indicate three periods of MOW absence at Site U1390. Mg/Ca-based temperatures of Hoeglundina elegans and C. pachyderma are on average 6°C too cold when compared to the present core-top temperature, which we explain by a carbonate ion effect on these epibenthic species related to the high alkalinity of the MOW. Combining deep water temperature estimates with the benthic oxygen isotope data and considering different relationships between seawater oxygen isotopes and salinity, we infer a salinity decrease of MOW by three to eight units over the deglaciation and four units during Sapropel 1, accounting for the global δ 18 O depletion due to the decrease in ice volume. Our findings confirm that the Mediterranean Sea accumulates excess salt during a glacial low stand and suggest that this salt surged into the Atlantic over the deglaciation, presumably during Heinrich Stadial 1.
Introduction
The largest climatic oscillations of the past 20 kyr coincide with dramatic changes in the rate of the Atlantic Meridional Overturning Circulation (AMOC) and associated northward heat transport (McManus et al., 2004) . These oscillations are distinctive features of late Pleistocene deglaciations and hence fundamental to understand future oceanographic changes resulting from the current melting of the Greenland ice sheet (Hu et al., 2009) . To date, the physical processes that facilitate the transition from sluggish glacial to strong interglacial AMOC over late Pleistocene deglaciations remain poorly understood.
promoting deep convection (Lozier & Stewart, 2008) . Moreover, the remnant MOW that does not fully penetrate northward of the Greenland-Scotland ridge presumably participates in overturning to the west of Ireland, within the path of the North Atlantic Drift (McCartney & Mauritzen, 2001; New et al., 2001) . Today, without the injection of MOW salt, the AMOC could slow down by approximately 15% (Price & Yang, 1998; Rahmstorf, 1998; Wu et al., 2007) .
The strength, here defined as volume and density, and location of the MOW plume within the Gulf of Cadiz determine the depth in which the MOW plume progresses and admixes further into the Atlantic Ocean. They determine how much buoyancy exchange will take place among North Atlantic intermediate water masses and the MOW. The amount and location of this buoyancy exchange affects NADW formation through deep water convection in the North Atlantic. During the last deglaciation, a shoaling and relocation of the MOW plume within the Gulf of Cadiz could have provided an important preconditioning for the abrupt resumption of AMOC around 14.6 kyr before present (Ivanovic et al., 2014; Rogerson et al., 2006) . Enhanced buoyancy exchange at Gibraltar during Atlantic freshening phases could have provided a strong negative feedback to reduced AMOC (Bigg & Wadley, 2001; Reid, 1979; Rogerson et al., 2010; Sánchez Goñi et al., 2016; Toucanne et al., 2007; Voelker et al., 2006) . The strength and location of the MOW plume are expressed in the temperature and salinity depth profiles in the water of the Gulf of Cadiz. Therefore, accurate and highresolution temperature and salinity reconstructions allow estimating past strength and location of MOW and its influence on deglacial deep ocean circulation (Rogerson et al., 2012) .
MOW variability can be studied in the Gulf of Cadiz due to the development of an extensive contourite system through the direct influence of the MOW (Hernàndez-Molina et al., 2013) . For this purpose, Integrated Ocean Drilling Program (IODP) Expedition 339 drilled several sites that are presently situated with the upper and lower core of the MOW. Here we combine the Mg/Ca-based (e.g., Lear, 2000; Nürnberg, 1995) and the clumped isotope-based (Ghosh et al., 2006) paleoseawater thermometers to reconstruct temperature and salinity of the MOW across the last deglaciation to disentangle how the MOW influences the AMOC. We present a record of variability in these conditions for the last 22 kyr at IODP Site U1390, approximately 1,000 m deep within the central Gulf of Cadiz. We show that the glacial Mediterranean Outflow was much saltier than today. Furthermore, we show that Mg/Ca-based temperature measurements in Mediterranean deep waters are only interpretable once they are combined with clumped isotope-based temperature measurements.
Modern Hydrographic Setting
MOW is a combination of Mediterranean Levantine Intermediate Water (LIW) and Western Mediterranean Deep Water (WMDW) (e.g., Millot et al., 2006) (Figure 1 ). Upon exiting the Strait of Gibraltar, MOW follows the shelf down slope through the Gulf of Cadiz and flows northwestward settling as an intermediate contour current in several layers within the North Atlantic. Its salinity from 36.5 to 37.5 and temperature from 10.5 to 14.0°C (Baringer & Price, 1997; Borenäs et al., 2002; Cabeçadas et al., 2002) are observed between 300 and 1,400 m depth (Ambar & Howe, 1979) . Note that the temperature signature of MOW is less prominent than its salinity signature in the Gulf of Cadiz (Figure 1 ; Ambar et al., 2002; Borenäs et al., 2002; Cabeçadas et al., 2002) .
While flowing northwestward, MOW admixes with, or entrains eastern NACW (eNACW) and NADW. Entrained eNACW has both subtropical and subpolar origins (eNACWst and eNACWsp). The eNACWst is formed along the Azores Front and advected to the Iberian margin between 100 and 250 m depth (Fiúza et al., 1998; Voelker et al., 2015) . The eNACWsp is formed in the vicinity of the Rockall Plateau and hence encountered between 250 and 500 m depth along the western Iberian margin (Brambilla et al., 2008) . Through entrainment and admixing, MOW transfers its salt to the subpolar and subtropical gyres (e.g., Reid, 1979; Voelker et al., 2015) , which in turn participate in North Atlantic deep convection.
Material and Methods

Site Description and Sampling
We studied samples from all three holes at IODP Site U1390 (A, B, and C) (IODP Expedition 339, 36°19.110 0 N, 7°43.078 0 W; Figure 1) (Bahr et al., 2015) . The flow paths are based on Hernández-Molina et al. (2014) . (c) A sketch of the water mass distribution in the Mediterranean Basin and in the Gulf of Cadiz with the location of Site U1390 projected on the sketched 2-D transect (modified from Cramp & O'Sullivan, 1999) . Mean annual salinity and temperature profiles (d and e) from the World Ocean Atlas "13 database (averaged from 1955-2012 on a 0.25°resolution at 36.1°N; A-A" transect in Figure 1b (Locarnini et al., 2013; Zweng et al., 2013) made with Ocean Data View software (Schlitzer, 2017) . Abbreviations of the water masses in the Gulf of Cadiz are based on Voelker et al. (2015) . The core-top δ 18 O w (Figure 1e ) is taken from Stow et al. (2013) (their Figure F34 ).
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VAN DIJK ET AL. A SALTIER GLACIAL MEDITERRANEAN OUTFLOW63-150, and >150 μm fractions. Samples were dry-sieved to obtain the >212 μm fraction from which foraminifers were selected for analysis. For 14 C analysis, foraminifera were picked from the >150 μm fraction.
Stable Isotopes and Measurement Tactic
In order to perform stable isotope analysis, Mg/Ca-based thermometry and clumped isotope-based thermometry on benthic foraminifera, we analyzed most specimens present in the three cores. To plan the measurement strategy, we counted the most abundant species present in the cores (Uvigerina mediterranea, Cibicidoides pachyderma, Hoeglundina elegans, and Pyrgo spp.; Figure 2 ). Although P. ariminensis is also present at Site U1390, its abundance throughout the studied time interval is insufficient for the purpose of this study. As U. mediterranea was most abundant across most of the studied time interval, we determined δ 18 O and δ
13
C throughout the core for this species. Since U. mediterranea is a partially shallow infaunal species (0-1 cm; Fontanier et al., 2006) , its carbon isotope signature does not necessarily reflect bottom water δ 13 C. Hence, we produced another record of δ
18
O and δ 13 C using C. pachyderma. Although this species is not strictly epibenthic (Fontanier et al., 2006; Wefer & Mulitza, 2004) , it has been used before to record changes in bottom water masses in the Gulf of Cadiz (e.g., Voelker et al., 2006) . Most specimens of the four most abundant species were analyzed for Mg/Ca-based and clumped isotope-based thermometry to reconstruct past deep water temperatures (DWTs). As not all four species were equally abundant, we analyzed at least two species using the same method within every time interval. This allows us to evaluate potential interspecies differences in Mg/Ca and clumped isotope-based DWT. Note that we assume that there is no significant temperature difference between the pore water in the sediments in which the infaunal species dwell (e.g., Pyrgo spp. 0-3 cm depth; Linke & Lutze, 1993) and the waters present at the sediment surface, as has been shown before (Elderfield et al., 2010; Thornalley et al., 2015) .
In order to construct an age model (see section 3.5), we measured the stable oxygen (and carbon) isotope composition on 15-30 specimens of the planktic foraminifera G. bulloides per sample. Specimens of G. bulloides and 1-5 specimens of U. mediterranea were analyzed (per sample) at Utrecht University. Crushed We analyzed 2-10 specimens of C. pachyderma per sample at ETH Zürich at 70°C in a Gas Bench II (Thermo Fisher Scientific) using the procedures outlined in Breitenbach and Bernasconi (2011) . Reaction products were purified by gas chromatography, and the CO 2 was measured in continuous flow mode on a Delta V Plus mass spectrometer (Thermo Fisher Scientific). The ETH Gas Bench II system is calibrated with international carbonate standards NBS-19 and NBS-18, and routine analysis is standardized using both the in-house standard Isolab B (ETH-2) and powdered Carrara marble (MS2) revealing a precision better than 0.05 ‰ and 0.07 ‰ for δ 13 C and δ 18 O, respectively. All oxygen isotopes are corrected for acid fractionation using the Kim et al. (2007) fractionation factor of 1.008714.
Mg/Ca Measurements
Mg/Ca ratios were determined on U. mediterranea, C. pachyderma, and H. elegans. Approximately 300 μg was collected per sample (1-5 specimens) from the dry-sieved >212 μm fraction. Measurements were performed in duplicate where enough material was available. Presence of inorganic overgrowth was evaluated using a scanning electron microscope. Shells can possess a Mn/Mg oxide-rich coating formed if Mn 2+ has been mobilized during anoxic breakdown of organic matter deeper within the sediment column (Barker et al., 2003) . The contribution of Mn 2+ from coatings to the corresponding Mg/Ca ratio is approximately 1% (Barker et al., 2003) . To remove coatings, samples were gently crushed between two glass plates and cleaned according to the Cambridge protocol without the reductive cleaning step (Barker et al., 2003) . Clay particles were removed by repeated rinses with Milli-Q. Organic matter was subsequently removed by subboiling of the samples twice in alkali buffered 1% H 2 O 2 for 10 min. Samples were then transferred onto a glass plate under a microscope for visual removal of coarse-grained silicates. Then, samples were briefly acid-leached in 0.001 M HNO 3 after which the samples were dissolved in 0.075 M HNO 3 . The final solutions were analyzed on an Element2 Inductively Coupled Plasma mass spectrometer (Thermo Scientific) after dilution to a 20 parts per million (ppm) Ca matrix to maximize accuracy of elemental ratios. Accuracies were determined using the JCp-1 Porites spp. (Okai et al., 2001 ) coral standard and was 99.3% (4.17 mmol/mol) for Mg/Ca. Accuracy was improved using drift corrections with an in-house coral monitor standard. Short-term (<5 min) precision was typically 0.3% for Mg/Ca. Short-term precision reflects variability in operating conditions such as power and gas flow rates. Longer-term stability mainly reflects the goodness of drift corrections. Blanks were kept low using ultrapure acids and were always <0.5%. Possibly contaminated specimens were rejected based on examination of Fe/Ca, Al/Ca, and Mn/Ca concentrations (Barker et al., 2003 ; see section 4.2) along with specimens showing signs of dissolution and/or overgrowth. Most of the foraminifera were glassy and showed no signs of overgrowth or dissolution. We argue that preservation of the foraminifera was optimal in the sandy contourite sediments, which quickly covered the specimens under the high sedimentation rate at Site U1390 (>75 cm/kyr).
Mg/Ca ratios were translated to DWT using the equations reported below for Cibicides spp., Uvigerina spp., and H. elegans, respectively. Out of all published calibrations, these provide the most accurate DWTs with respect to the modern DWT at Site U1390. As we did not perform reductive cleaning, we corrected all Mg/Ca measurements on C. pachyderma and H. elegans down by 15% to be able to use the respective calibrations (Barker et al., 2003) . As the analytical error on the Mg/Ca ratios is relatively low and the resulting error on the formation temperature depends on the amount of Mg/Ca within the foraminifera, we base our error margins on the average standard deviation in formation temperature of duplicate measurements of the same foraminifera. The resulting error margins are 1.1°C for U. mediterranea, 0.8°C for C. pachyderma, and 0.6°C for H. elegans (supporting information). Note that these uncertainties do not include the calibration error. 
Clumped Isotope Measurements
The enrichment in clumped isotopologues defined as Δ 47 was measured using an automated method for small carbonate samples (Meckler et al., 2014) . To reach an adequate precision of 5 to 10 ppm in Δ 47 , representing ±2°C in temperature space, about 30 measurements of ±150 μg calcite are required (Meckler et al., 2014) . Hence, we measured 37 aliquots (18x U. mediterranea, 19x Pyrgo spp.) within the last glacial (20.9-21.9 ka), 38 aliquots (all Pyrgo spp.) within Heinrich Stadial 1 (HS1), and 36 aliquots (20x U. mediterranea, 10x C. pachyderma and 6x Pyrgo spp.) within the Holocene (1.2-3.5 ka).
Note that we measured only 8 aliquots between 10.3 and 11.4 ka. We include this measurement in this study because the standard deviation is exceptionally low (30 ppm). One typically reaches such a standard deviation, corresponding to a standard error of 5 to 10 ppm, only after 20-30 measurements. Nevertheless, as in this case the standard error does not always capture the 95% confidence interval (Fernandez et al., 2018) we here doubled the error margin to 5.6°C (Table 2) .
Measurements were performed using a Thermo Scientific Kiel IV carbonate device coupled to a Thermo Scientific MAT 253 isotope ratio mass spectrometer at the ETH Zürich modified with a Porapak® trap to remove unidentified organic contaminants that can create isobaric interferences during clumped isotope measurements. The used correction scheme is described by Meckler et al. (2014) . All Δ 47 measurements were converted to the absolute reference frame (Dennis et al., 2011) and corrected for an acid digestion of 70°C (Henkes et al., 2013) . Temperatures were estimated using the following calibration equation (Kele et al., 2015) :
We assume that there are no significant temperature variations within the four time intervals used to calculate an average Δ 47 by pooling adjacent samples as suggested by Grauel et al. (2013) . This assumption is presumably valid for intervals with a constant δ
18
O c of U. mediterranea, as variations in temperature and/or salinity will result in variations in δ 18 O c . We measured multiple aliquots of each species separately and only pooled all aliquots to average temperatures during the postprocessing phase. Figure 3 ). Samples were treated in 2 mL of 0.01 M nitric acid for 15 min to remove organic coatings. Subsequently, samples were dried under vacuum and dissolved in phosphoric acid at 60°C to produce 1 mg of carbon as CO 2 . The CO 2 was reduced with H 2 in presence of iron at 600°C to graphite and pressed directly onto a target. The activity of 14 C in the graphite targets was measured on an Advanced
Relay And Technology Mission (ARTEMIS) mass spectrometer and standardized using in-house CO 2 standard HOxI that was normalized to a δ 13 C value of À25‰. 14 C activity was corrected for fractionation in the mass spectrometer based on the δ 13 C measurement. Radiocarbon age was calculated after Mook and van der Plicht (1999) . Radiocarbon ages were calibrated to calendar years before present (age cal BP) using Calib 7.0.4 (Stuiver et al., 2017) and MARINE13 (Reimer et al., 2013) .
As large changes in reservoir age are likely to occur throughout the deglaciation, we corrected for these changes using stratigraphic tie points based on the visual correlation between the planktonic δ 18 O (G.
bulloides) and the North Greenland Ice Core Project (NGRIP) deglacial age scale (Steffensen et al., 2008) , which was converted into BP ages by subtracting 50 years (Table 1) to complete the age model ( Figure 3 ). Visual correlations are based on the timing of the HS1 (Hodell et al., 2017) , the Younger Dryas (YD), and the Bølling-Allerød (B/A) interstadial as defined in the NGRIP record (Steffensen et al., 2008) (Table 1 and Figure 3 ). Note that we visually correlated the sharp decrease in δ
O planktic of approximately 1‰ from 6.6 to 6.8 m composite depth scale to a small decrease in the NGRIP record at 10 kyr as the decrease occurs too late to correspond to the YD (Table 1 and Figure 3 ).
Grain Size Analysis
Grain size analysis was performed by analyzing the untreated weights of the washed <38, 63-150, and >150 μm fractions. Specifically, the coarser fraction between 63 and 150 μm should decrease during times of reduced MOW strength. By excluding grain sizes above 150 μm, we remove a significant part of the carbonate biomass endmember within the contourite sediments (Rogerson et al., 2005) .
Reconstruction of Relative Salinity Changes
In order to convert δ 18 O c into salinity (supporting information), we first estimate Late Holocene (<5 kyr) δ 18 O water (w) using an Uvigerina spp. calcite-water oxygen isotope fractionation calibration from 4 to 18°C (Table 1) with the yellow circles and black marks representing the visual tie points and 14 C dates, respectively. Age ranges: S1; 9.8-5.7 kyr cal BP (De Lange et al., 2008) , YD; 12.7-11.7 kyr cal BP, Bølling-Allerød (B/A); 14.7-12.9 kyr cal BP (Steffensen et al., 2008 ) and HS1; 18-14.3 kyr cal BP with H1.1; 17.1-15.5 kyr cal BP and H1.2; 15.9-14.3 kyr cal BP (Hodell et al., 2017 ; 0.9‰, Figure 1 ). Subsequently, we normalize the down-core estimates of (Austermann et al., 2013; Waelbroeck et al., 2002) .
A comprehensive survey of modern surface waters shows a linear correspondence between salinity and δ 18 O w and suggests a slope of 0.27 ‰ δ
18
O w /salinity for Mediterranean waters (Pierre, 1999) . This relationship is likely representative for the Last Glacial Maximum (LGM), as the endmembers providing fresh water to the Mediterranean did not change significantly (Rohling, 1999) . Nevertheless, the slope of the δ 18 O w /salinity relationship in the North Atlantic might have been significantly steeper during the LGM (Holloway et al., 2015; Legrande & Schmidt, 2011; Rohling, 2007) and during the YD (Lynch-Stieglitz et al., 2011) due to pronounced changes in the freshwater endmembers. Similarly, the slope of the δ 18 O w /salinity relationship in the Mediterranean might have been twice as steep at 7/8 ka under the intensified monsoon circulation resulting in the deposition of Sapropel 1 (S1) (Rohling & De Rijk, 1999) . Hence, we extrapolate both the modern (0.27) and a twice as steep (0.52) δ 18 O w /salinity relationship over the deglaciation.
Results
Stable Isotope and Grain Size Measurements
Planktic δ 18 O decreases by approximately 2.5 ‰ over the deglaciation and is at a maximum during the final stage of HS1 (Figure 3) . Planktic δ 13 C shows two positive excursions during HS1 and YD after which it is approximately 0.5‰ more depleted than the δ 18 O of U. mediterranea (Shackleton, 1974; Voelker et al., 2006) (Figure 4 ). The abundance of grain sizes between 63 and 150 μm is greatest during the LGM and decreases at the start of H1.1 (Figure 6f) . After a brief and rapid positive excursion during H1.2, the grain size fraction is relatively coarse until the end of the YD. Then, the fraction decreases gradually toward S1 where it drops to a minimum. The coarse grain size fraction gradually increases again after S1 but does not reach the relatively heavy LGM weights.
Trace Elemental Ratios, DWT Estimates and Relative Salinity Reconstruction
Mg/Ca in U. mediterranea, C. pachyderma, and H. elegans vary between 0.8 and 2.5, 1.10 and 2.27, and 0.65 and 1.19 mmol/mol, respectively. There is no significant difference in benthic foraminiferal Mg/Ca between glacial and interglacial samples ( Figure 5 ). The Mg/Ca records of C. pachyderma and U. mediterranea are very similar (Figures 4 and 5) . Although we find no species-specific correlations between Mg/Ca and Mn/Ca, Al/Ca, or Fe/Ca, we excluded three samples with relatively elevated Al/Ca and Fe/Ca ratios ( Figure 5 ).
Temperature reconstructions based on the epibenthic foraminifers C. pachyderma and H. elegans indicate an average Holocene DWT of 4.5 ± 1°C in the Gulf of Cadiz (Figure 6a ). Reconstructions based on the shallow infaunal species U. mediterranea are in good agreement with the present-day DWT (Figure 6a ). Apart from the Mg/Ca measurements neglected based on the Mn/Ca, Al/Ca, and Fe/Ca ratios, we excluded six more Mg/Ca measurements ( Figure 5 ) on U. mediterranea because they exceed the expected DWT range at Site U1390 between 0 and 15°C ( Figure 1 ). We argue that the exceedingly high Mg/Ca in some of the samples is related to downslope transport of single specimens of U. mediterranea that lived in shallower and warmer waters along the shelve. based on Mg/Ca-thermometry (circles) derived from epibenthic to shallow infaunal C. pachyderma (green), epibenthic H. elegans (orange), and shallow infaunal U. mediterranea (purple); DWT based on pooled Δ 47 measurements of different benthic species (Table 2) . Horizontal error margins depict the age spread of the pooled measurements (Table 2) . Vertical error margins represent mainly the analytical error and the external reproducibility of the measurements (see section 3). The thin dashed lines mark the present DWT of 13.1°C . Possible intrusions of NEADW at Site U1390 are marked with the black arrows. 
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All three Mg/Ca-based DWT records suggest no difference in DWT between the LGM and the Holocene. Furthermore, the Mg/Ca-based DWT records of C. pachyderma and U. mediterranea indicate several temperature minima, which are more pronounced in the record of U. mediterranea. Specifically, the U. mediterranea record suggests a cooling of approximately 7°C at the start of H1.2, at the end of H1.2 and just before the start of S1.
Pooled Δ 47 measurements of three species also suggest no difference in DWT between the LGM and the Holocene, although a slight cooling cannot be disregarded entirely (Table 1 and Figure 6a ). Furthermore, we observe no difference in the clumped isotope-based DWT reconstructions among the three benthic species (Table 2 and Figure 4 ).
As the absolute Mg/Ca-based DWTs on C. pachyderma and H. elegans are colder than modern-day DWT, we considered only the U. mediterranea Mg/Ca-based DWT and the four clumped isotope-based DWT reliable to estimate salinity changes at Site U1390. Considering both records of DWT, we infer a salinity decrease of MOW by three to eight units from the LGM to the Holocene over the deglaciation accounting for the global
18
O depletion due to decreasing Northern Hemisphere glaciation. We find another significant salinity decrease of approximately four units during S1.
Discussion
Nontemperature Effects on Benthic Mg/Ca
Mg/Ca-based DWT on the epibenthic foraminifers C. pachyderma and H. elegans are significantly lower than the present-day annual DWT at the Site (13.1°C, Stow et al., 2013) . A similar offset between Mg/Ca-based and core-top DWT is reported for C. pachyderma in the Alboran Sea . This discrepancy cannot be explained by altered Mg/Ca due to postmortem dissolution as MOW at Site U1390 is highly supersaturated with respect to calcite (Δ [CO 3 2À ] > 70 μmol kg
À1
; Aït-Ameur & Goyet, 2006; Key et al., 2015) . The high alkalinity would rather induce postmortem Mg-rich overgrowths on the foraminiferal tests and result in an overestimation of DWT, which is unlikely with the relatively low DWTs reported here. Theoretically, high MOW salinity would be expected to also increase foraminiferal Mg/Ca (Lea et al., 1999; Nürnberg et al., 1996) . Some culture and core-top evidence exists for a reduction in Mg incorporation in waters highly oversaturated in carbonate ion concentration (Lo Giudice Cappelli et al., 2015; Russell et al., 2004) . However, other studies indicate that the impact of saturation state on Mg-incorporation is very small or absent (Dueñas-Bohórquez et al., 2009 Raitzsch et al., 2008) . This discrepancy is presumably related to interspecies geochemical differences or by variability in the applied culture conditions in comparison to the environmental conditions.
Reconstructions based on the shallow infaunal species U. mediterranea are in good agreement with the present-day DWT (Figure 6a) . Interestingly, the Mg/Ca records show a remarkable similarity between C. pachyderma and U. mediterranea ( Figure 5 ). This similarity suggests a similar temperature dependency for both calcitic species in the MOW. To test this hypothesis, we need a specific calibration derived using core-top and culture data under high alkaline and saline conditions that also considers the data set of Cacho et al. (2006) in the Alboran Sea. Until then, we argue that it is debatable whether or not a positive correction to the intercept of the Mg/Ca calibration of C. pachyderma to fit the modern DWT of MOW, as Note. The numbers of aliquots measured are indicated in between the brackets. a For the pooled aliquots (see section 3.4) between 10.3 and 11.4 kyr we doubled the uncertainty to accurately reflect the 95% confidence interval (Fernandez et al., 2018 ).
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VAN DIJK ET AL. A SALTIER GLACIAL MEDITERRANEAN OUTFLOWperformed by Cacho et al. (2006) , is justified. Besides the fact that a one-point core-top calibration can be inaccurate, performing such a correction will also give the impression that we have tackled the problems of Mg/Ca-thermometry in the high saline and high alkaline waters of the Mediterranean Sea. In fact, we might be dealing with a site-specific vital effect, possibly related to the high alkalinity of the Mediterranean waters, which does change not only the intercept of the applied open-ocean Mg/Ca calibration but also the temperature sensitivity. In addition, applying a correction to C. pachyderma will suggest that H. elegans is the only benthic species within our data set that is not fit for Mg/Ca thermometry in the Mediterranean Sea. In any case, a correction to the Mg/Ca-T calibration of C. pachyderma would not change the interpretations of this study. Mg/Ca-based DWTs on both epibenthic species would still indicate a constant LGM to Holocene DWT with slight drops in DWT, which are also recorded by U. mediterranea (Figure 6a ). Our data set clearly demonstrates that Mg/Ca in benthic foraminifera is complicated in Mediterranean deep waters as observed before by Cacho et al. (2006) . Hence, an alternative paleoseawater thermometer is needed.
Clumped Isotope-Based DWT and Synthesis
In contrast to the Mg/Ca-based DWT measurements, our clumped isotope-based DWT measurements confirm that there are no species-specific vital effects in benthic foraminifera that affect the clumped isotope composition of their tests . Furthermore, Late Holocene DWT at Site U1390 is slightly cooler than the modern DWT but agrees well with the Mg/Ca-based DWTs of U. mediterranea within the respective time period (Figure 6a ). The accuracy of the clumped isotope-based DWTs is inherent to the assumption that DWT does not change significantly within the averaged depth/time intervals. This assumption is presumably valid for the LGM, the Late Holocene and at 10.9 ka, when the respective δ
18
O c record no significant variability. In these intervals, the grain size ratio is also constant, suggesting that there is no significant change in the strength of the MOW plume and hence no variations in the temperature and salinity of the bottom waters (Figure 3) . However, during H1.2, δ 18 O c decreases significantly (Figure 4) . Nevertheless, as we observe no trend in Δ 47 within the pooled 200 years' time interval (supporting information), the expected uncertainty in DWT is presumably within error of the clumped isotope measurement. In summary, both Mg/Ca (of U. mediterranea) and clumped isotope-based temperature estimates represent accurate reconstructions of MOW DWT at Site U1390. The combined records suggest no significant difference in DWT between the LGM and the Holocene although a slight cooling cannot be disregarded entirely. Furthermore, we find three significant drops in DWT at the start of H1.2, at the end of H1.2, and just before the start of S1.
A Stronger MOW at Site U1390 During the LGM
At present, Site U1390 is under the direct influence of MOW-induced contourite sedimentation (Faugères et al., 1984; Habgood et al., 2003; Hernández-Molina et al., 2014 ; Figure 1 ) being at the mouth of the Guadalquivir contourite channel . The calculated sedimentation rates are quite variable over the deglaciation with maxima reaching over 3 m/kyr (Table 1 ). Our age model does not have the precision required to resolve such drastic changes in sedimentation rates on submillennial time scales. Nevertheless, the average sedimentation rate increases toward the LGM together with an increase in the coarse grain size fraction (Table 1 and Figure 6f ). Both parameters indicate the presence of a stronger MOW at Site U1390 during the LGM. This is further evidenced by the increase in MOW salinity and thus density toward the LGM (Figure 6g ). The stronger presence of MOW during the LGM is also supported by a significant shift in the benthic foraminiferal community (Figure 2 ). According to the TROX model, deep infaunal foraminifera species like Pyrgo spp. are more likely found in bottom waters that are more anoxic (Jorissen et al., 1995) . A stronger MOW during the LGM, being a water mass relatively poor in oxygen (e.g., Ambar et al., 2002; Cabeçadas et al., 2002) , supports the observed shift in the benthic community.
Increased contourite sedimentation has also been documented at other sites within the central Gulf of Cadiz (Bahr et al., 2015; Llave et al., 2006; Rogerson et al., 2005; Schönfeld & Zahn, 2000) . Thus, although there is a need for caution when interpreting the millennial-scale fluctuations presented in this study, our record confirms the presence of a stronger MOW at Site U1390 during the LGM.
Saltier Glacial Mediterranean Outflow
Increased MOW salinity during the LGM aligns well with known changes in Mediterranean circulation patterns over glacial-interglacial timescales. Due to a reduction in sill depth of the Strait of Gibraltar from 285 to 165 m during the LGM (Fairbanks, 1989) , inflow and outflow volumes were reduced, and the impact of A SALTIER GLACIAL MEDITERRANEAN OUTFLOWthe Mediterranean negative hydrologic budget on salinity was amplified by a longer residence time of Mediterranean waters (Matthiesen & Haines, 2003; Rogerson et al., 2010; Rohling, 1999) . Specifically, the δ 18 O w-ivf of WMDW in the Alboran Sea (Figure 1 ) was 0.2 to 1‰ more enriched during the LGM than during the Holocene, reflected by pore water δ 18 O measurements (Paul et al., 2001 ) and benthic δ 18 O measurements , respectively. Here we show that the change in δ 18 O w-ivf from LGM to Holocene was 1.5-2‰, which is greater than these previous estimates.
Nevertheless, modern MOW consists mostly of eastern Mediterranean Sea-derived water masses like the LIW (Millot et al., 2006) (Figure 1 ). In this view, the reported 2‰ increase in δ 18 O w-ivf of LIW through the Corsica
Trough with respect to the Holocene (Toucanne et al., 2012) could explain the entire salinity anomaly reported here. However, over the deglaciation MOW might have been sourced by varying fluxes of LIW and WMDW Millot et al., 2006; Voelker et al., 2006) .
Varying box models of the Mediterranean Sea estimate an increase in salinity of up to four units (1 ‰ in δ 18 O w-ivf ) compared to the Holocene (Bigg, 1995; Matthiesen & Haines, 2003; Myers et al., 1998; Rohling, 1999) . But, if relative humidity, defined as the sea-air temperature difference, in fact, reduced from 0.8 in the Holocene to 0.6 in the LGM, the salinity anomaly would have been larger in the model simulations (Rohling, 1999) . A reduced humidity during the LGM is supported by annual precipitation estimates from pollen analysis of marine core MD95-2043 retrieved in the Alboran Sea showing an increase of 400 mm in annual precipitation toward the Holocene (Fletcher et al., 2009) . Thus, although the accumulation of salt in the Mediterranean Sea during the glacial low stand presumably resulted in a saltier MOW, it is not certain that the increase in Mediterranean Sea salinity explains the entire salinity anomaly of MOW presented here.
Atlantic-Mediterranean Buoyancy Exchange Over the Deglaciation
Most of the decrease in salinity of the MOW over the deglaciation occurs during HS1, presumably during H1.2 when both the stable isotope and grain size data record significant changes. Another significant decrease in salinity of approximately four units occurs during S1. A decrease in salinity can indicate both a change in MOW strength and a change in the location of the MOW plume, both lateral and vertical. In this section we evaluate both possibilities over the deglaciation starting with the decrease in salinity during HS1.
Deep water temperatures drop to approximately 2°C at the transition from H1.1 to H1.2 (Figure 6a ). Similar drops in DWT occur during B/A and S1. The three cold spells over the deglaciation can represent periods when MOW was absent or weak and was replaced by cold (glacial) NADW or Antarctic Intermediate Water. At these times we also record a reduction in the abundance of the coarse grain size fraction (Figure 6f) . Specifically, the coarse-grained size fraction indicates that MOW strength decreases during H1.1 and then rapidly increases at the end of H1.2 at 1,000 m depth simultaneous with a rapid increase in DWT to 13°C. The increase in the coarse-grained fraction (>63 μm) in the late phase of HS1 is also recorded at Site MD99-2339 in the Gulf of Cadiz at 1170 m depth, located approximately 25 km south of Site U1390 (Voelker et al., 2006) . At MD99-2339, the coarse-grained fraction also increases during YD, which is less evident in our record.
Synchronous with the decrease in the DWT and the coarse-grained fraction at the end of H1.2, benthic δ 13 C also decreases at sites U1390 and MD99-2339, which is also true for other sites between 820 to 1873 m depth, both within the Gulf of Cadiz and along the Iberian Peninsula, where MOW flows along the seafloor morphology (Schönfeld & Zahn, 2000; Zahn et al., 1987) . There are three ways to explain the decrease in benthic δ 13 C.
First, the synchronous drop in benthic δ 13 C below 820 m could indicate a lower ventilation of the Mediterranean Sea during that time (Voelker et al., 2006) resulting in the reduction in MOW strength. In this view, the fact that the decrease in benthic δ 13 C occurs earlier at Site MD99-2339 than at Site U1390 (Figure 6c ) could hint at a lateral change of the MOW plume at this time. The drop in benthic δ 13 C can also been explained by a lower ventilation of North Atlantic intermediate waters caused by a reduced AMOC at that time (Zahn et al., 1997) . As the AMOC and the MOW are coupled through the Gibraltar exchange, both interpretations can be considered as mutually consistent. Alternatively, the decrease in δ 13 C can be explained by the increase in North Atlantic overturning resulting in the upwelling of waters below 4,010 m, which were relatively depleted in 13 C (Figure 6d ). (Schönfeld & Zahn, 2000) . This shoaling could have been caused by a radical change in the vertical density structure of North Atlantic waters (Baringer & Price, 1997; Rogerson et al., 2005 Rogerson et al., , 2012 . A reduction in MOW strength at this time as recorded in our records supports the hypothesized shoaling of the MOW plume. The brief and rapid increase in MOW strength during the later phase of H1.2 at first glance undermines the hypothesized shoaling of the MOW plume. We can hypothesize on the meaning of this increase once we take a closer look at the sequence of events in the central Gulf of Cadiz during HS1.
The salt that had accumulated in the Mediterranean Sea during the glacial low stand presumably surged into the Atlantic during HS1 as evidenced by an increased gradient in planktic δ 18 O across the Strait of Gibraltar (Rogerson et al., 2010) . In fact, record of ice-rafted debris (IRD) show that pulses of North Atlantic meltwater repeatedly arrived east of the Strait of Gibraltar synchronous with increased gradients in planktic δ 18 O across the Strait of Gibraltar (Rogerson et al., 2010; Toucanne et al., 2007; Voelker et al., 2006) . The significant increase in planktic δ 13 C across HS1 and YD reported here supports a sudden change in surface water conditions at Site U1390 ( Figure 3 ). As the meltwater that arrived in the Gulf of Cadiz was cold (e.g., Voelker et al., 2006) and likely poor in nutrients, primary productivity in the surface waters, and hence planktic δ 13 C, did not increase as evident from the constant export productivity at Site MD99-2339 during HS1 (Voelker et al., 2009 ). Hence, we hypothesize that the increase in planktic δ
13
C is more likely related to the transfer of high δ 13 C MOW to the surface waters through increased vertical mixing as suggested by the strong coupling of benthic and planktic δ 13 C during HS1 and the rapid increase in DWT during the later phase of H1.2. A similar coupling of DWT and planktic δ 13 C is observed during YD.
The strong coupling of both deep and surface dissolved inorganic carbon pools suggests that admixing of MOW with North Atlantic Central water masses increased across HS1. The delay between the Atlantic freshening during H1.1 and the change in MOW properties during H1.2 might be related to an initial reduction in deep water convection and WMDW formation in the Alboran Sea (e.g., Voelker et al., 2006) and Gulf of Lions (Sierro et al., 2005) . Alternatively, the freshwater melt and the rise in sea level during H1.1 might not have been significant enough to trigger intensified Atlantic-Mediterranean buoyancy exchange. Perhaps, the negative feedback could only initiate at the arrival of meltwater pulse 1a in the central Gulf of Cadiz at the transition from HS1 into B/A (Deschamps et al., 2012) .
Thus, although our age model does not have the optimal resolution to quantitatively decipher submillennialscale climate variability, our records support the hypothesized loss of MOW salinity and shoaling of the MOW plume at the transition from HS1 into the B/A potentially triggered by the arrival of meltwater pulse 1a in the central Gulf of Cadiz (Reid, 1979; Rogerson et al., 2005 Rogerson et al., , 2006 Rogerson et al., , 2010 Sánchez Goñi et al., 2016; Toucanne et al., 2007; Voelker et al., 2006) . Since MOW settling depth can be insensitive to the properties of MOW (Rogerson et al., 2012) , it is challenging to precisely disentangle what part of the salinity anomaly presented here is due to shoaling and what part is due to a change in MOW properties or strength. Furthermore, it is challenging to define the fate of the recorded decrease in MOW salinity across H1.2. The increased buoyancy exchange across the Strait of Gibraltar (e.g., Rogerson et al., 2010) , decrease in salinity in the deep central Gulf of Cadiz (Figure 6g) , and potential shoaling of the MOW plume suggest that admixing with North Atlantic Central water masses increased over the deglaciation (Figure 7) , which could explain a slight cooling at Site U1390 as suggested by the clumped isotope-based DWT record (Figure 6a) . Furthermore, the shoaling is hypothesized to drive a more northward direction of the MOW plume (Rogerson et al., 2006; Figure 7 ). A SALTIER GLACIAL MEDITERRANEAN OUTFLOWIn order to summarize the role of MOW on deglacial North Atlantic circulation, we included records on North Atlantic ventilation, which were discussed briefly before and circulation (Figures 6d and 6e) . Combined, these records provide a broader understanding on the potential role of the MOW as a negative feedback on decreased deep water formation in the North Atlantic in three steps. First, the heterogeneity in the δ 13 C transects compiled at different depths indicates the poor ventilation of water masses below 2,300 during the LGM (Lisiecki et al., 2008 ; Figure 6d ). Then, Pa/Th records highlight the abrupt drawdown in the strength of North Atlantic overturning at different depths during HS1 related to the meltdown of Northern Hemisphere ice sheets (Gherardi et al., 2005; Roberts et al., 2014; Figure 6e ). This meltdown could have been related to the release of heat stored in the deep Nordic Seas during the last glacial period (Thornalley et al., 2015) . Finally, in response to the meltwater pulse, buoyancy exchange at the Strait of Gibraltar intensifies under a rapidly rising sea level. Salinity stored during the glacial low stand surges into the Gulf of Cadiz (Figure 6g ) and possibly further north while buoyancy exchange continuous through admixing with North Atlantic Central waters. The release of Mediterranean salt is synchronous with increased Agulhas leakage into the North Atlantic (Chiessi et al., 2008; Peeters et al., 2004) , which acts as another negative feedback on reduced AMOC (Knorr & Lohmann, 2003; Weijer et al., 2002) .
We find a second pronounced decrease in salinity of approximately four units during S1 that coincides with a minimum in DWT and grain size but no change planktic δ 13 C. Both shallow and deep sites in the Gulf of Cadiz record this minimum in MOW strength (Bahr et al., 2015; Toucanne et al., 2007; Voelker et al., 2006) , which likely represents a temporary replacement of MOW by NADW in the central Gulf of Cadiz. MOW might have been more sluggish at this time, due to the well-documented decrease in deep water formation in the Eastern Mediterranean. Synchronous with the displacement of MOW by NADW, the minima in benthic δ 13 C at sites U1390 and MD99-2339 possibly capture the decrease in Eastern Mediterranean ventilation leading to the deposition of S1. The salinity anomaly associated with S1 ends at 5.5 ka (Figure 6g ). At this time, the MOW plume likely gained its present configuration as evident from deep water velocity reconstructions along the Portuguese margin (Schönfeld & Zahn, 2000) .
Conclusions
Species-specific differences not only in absolute values but also in terms of variability make it difficult to interpret Mg/Ca-based temperature reconstructions of Mediterranean deep waters. However, the combination of Mg/Ca with Δ 47 based thermometry on benthic foraminifera provided new insights into evolution of MOW across the last deglaciation. While DWT remained constant, salinity decreased by at least three and possibly up to eight salinity units at IODP Site U1390 (1,000 m depth) from the LGM to the Holocene. These results are in agreement with a much more saline Mediterranean endmember during glacial times. Our findings suggest that the salt that had accumulated during the glacial low stand surged into the North Atlantic in response to North Atlantic freshening during H1.2. At this time MOW was repeatedly replaced by NADW at Site U1390 as recorded by two rapid DWT coolings. A third interval of MOW absence is related to the reduction in deep water formation in the eastern Mediterranean Sea resulting in the deposition of S1.
We propose that the increase in Atlantic-Mediterranean buoyancy exchange during H1.2 could have occurred simultaneously with a shoaling in the MOW plume although more high-resolution δ 18 O w reconstructions and improved understanding of the salinity/δ 18 O w proxy are essential to confirm this. Our findings support the hypothesis that the MOW acts as a negative feedback system to freshening events in the North Atlantic across the last deglaciation.
